Effective prevention from the leakage of Polychlorinated Biphenyls (PCBs) requires the rapid analysis with on-line detection, but conventional methods require extensive analytical time (several days per sample) and are thus unsuitable. The objective of the research reported here was to develop the Laser Ionization / Ion Trap Storage / Time of Flight Mass Spectrometry (LI-IT-TOFMS) capable of monitoring PCBs within 1 min/sample, as applied to exhaust gas and the atmosphere of the disposal work environment. The achievable PCBs sensitivity for on-line measurement was found to be in the pptV range (< 0.01 mg/m 3 N ) by means of comparison with conventional gas sampling and gas chromatographmass spectrometry (GC-MS). A satisfactory proportional relationship was confirmed between laser-based and conventional results for PCBs. We measured the exhaust gas in a PCBs treatment plant (hydrothermal decomposition and container treatment processes) by using the PCBs monitoring system, confirming that PCBs monitoring is possible without interference from either the main gas composition or minor coexisting substances. Accordingly, the LI-IT-TOFMS method is a useful method for the trace analysis of PCBs in exhaust gas.
Introduction
PCBs, which were widely used as insulating oil for condensers and other equipment until the 1970s, are recognized as persistent organic pollutants (POPs). (1)- (2) Legislation in Japan known as the Law Concerning Extraordinary Measures for Promotion of Proper Management of Polychlorinated Biphenyl Waste, which came into effect on July 15, 2001, made PCBs disposal mandatory. (2) There are several methods of PCBs disposal, including hydrothermal, ultraviolet light, plasma, and Ni-Cu catalytic decomposition. (2) PCBs processing requires the chemical 
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treatment (i.e., breakdown into harmless substances), as well as the washing of PCBs containers and the processing of contaminated paper, wood, and other exposed materials. It must be ensured in the chemical treatment process that PCBs are not released into exhaust gas or the atmosphere of the work environment. Conventional analytical methods, such as GC-ECD (gas chromatograph with an electron -captured detector) and GC-MS, require several days for gas sampling and the concentration process, and real-time PCBs monitoring methods are needed from the standpoint of safety management.
Recently, development of the laser spectroscopy has enabled us to monitor polychlorinated aromatic hydrocarbons quite rapidly. (3)- (11) In particular, the LI-IT-TOFMS method is expected to be a powerful method for on-line, selective and sensitive monitoring. This method has advantages in terms of real-time monitoring capability compared to the conventional GC-ECD or GC-MS methods. (6) In the work reported here, real-time (1 min) LI-IT-TOFMS measurements were carried out on gaseous PCBs. Detection sensitivity in the pptV range (< 0.01mg/m 3 N ) was achieved, which is less than the exhaust gas control guideline by a factor of 1/10. This method was applied to PCBs measurements of the exhaust gas and the atmosphere of work environment, and it was capable of measuring PCBs concentration without interference from either the main gas compositions or minor coexisting substances.
Accordingly, the LI-IT-TOFMS method is viewed as a highly useful tool for confirming the safety and undertaking the operation of PCBs disposal plants.
Principle
The principle is known as the gas direct-introduction type LI-IT-TOFMS method ( Exhaust gas and the atmosphere of the work environment contain many chemicals other than PCBs. In order to monitor the amounts of PCBs rapidly, it is necessary to separate and concentrate PCBs in a short time. The most important characteristic of the development reported here is the capability for high-sensitivity measurement, while maintaining PCBs analytical accuracy even in exhaust gas and the atmosphere of the work environment.
The laser ionization principle applied in this study is known as resonance-enhanced two-photon ionization using picosecond laser irradiation. (7) (11) PCBs are selectively ionized by laser irradiation. Excitation at λ = 266 nm was found to be substantially selective. Also, picosecond excitation for PCBs resulted in efficient ionization (by a factor of over 10). (7) Ion trapping storage serves as a means of concentrating PCBs ions. The ion trap system also enables the selection of target ions from among other unnecessary ions. It functions as a device for the selection of mass, and is capable of storing ions with certain mass numbers using the electric field inside the trap. This contributes to higher sensitivity PCBs measurement. These methods make it possible for this system to analyze trace amounts of PCBs, while maintaining a high level of selectivity in a short time, even in exhaust gas and the atmosphere of the work environment containing various kinds of molecules. Figure 2 shows the photograph of the experimental setup of the PCBs gas monitoring system (Mitsubishi Heavy Industries, Ltd., MOHMS 21GP). This system consists of the TOFMS device (time-of-flight mass spectrometer), a laser device, vacuum pumps, a PCBs standard sample gas generator, and a control computer. All experiments were carried out in an ultra high vacuum chamber (base pressure: 1×10 -6 Pa). The TOFMS chamber (R. M. Jordan Company Inc., ION TRAP ANGULAR REFLECTRON D-1450) was vacuumed using turbo molecular pumps (Pfeiffer Vacuum Technology AG，TCP-521). The laser device (EKSPLA Ltd., PL-2210) irradiates UV light (wavelength of 266 nm and pulse duration of 100 picoseconds) for highly efficient ionization of PCBs. (7) The PCBs standard sample gas generator enables correction of the PCBs measurement. PCBs sample gas is introduced, with the vapor of the PCBs standard sample mixed together with balance gas (nitrogen). The concentration is between 0.1 and 1.0 mg/m 3 N (PCBs concentration varies according to the number of chlorine atoms in the PCBs molecule). The control computer analyzes the measurement data and manages the system for on-lone detection of PCBs.
Experimental
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PCBs disposal plants Figure 3 shows the container treatment process and the hydrothermal decomposition process in the PCBs disposal plant (Mitsubishi Heavy Industries, Ltd.). The container treatment process plays the role which disassembles and washes contaminated containers in order to separate PCBs pollutants. The hydrothermal decomposition process decomposed the PCBs pollutants into inorganic substances. The container treatment process consists of three stages (preprocessing stage, disassemble stage, and cleaning stage). In the preprocessing stage, the contaminated containers are pulled out insulating oil consisting PCBs by using cutting machine and are roughly washed in the grove box. After the stage the containers are crushed and fractionated for every complete parts in disassemble stage. The paper and wood in the complete parts are grinded down by ultra fine mill and are decomposed into the inorganic substances in the hydrothermal decomposition process. The other materials are washed with detergent and discarded as industrial waste.
In the hydrothermal decomposition process, the hydrothermal decomposition reaction decomposes PCBs into H 2 O, NaCl, CO 2 in the hot water of the high temperature (380 ℃) and the high pressure (27 MPa). PCBs, NaOH, H 2 O, and O 2 are supplied in the reactor and, after the hydrothermal decomposition reaction is occurred, NaCl solution is collected in the processed liquid tank and is drained away. And CO 2 gas exhausted out of activated carbon filter.
Gas sampling system
The gas sampling line can be switched using valves so as to connect to various sampling points in a PCBs disposal plant as shown in Fig. 4 . In this study, a total of five sampling points were provided, including the exhaust gas line of the PCBs hydrothermal decomposition process and the atmosphere of the work environment in the PCBs container treatment process, thus allowing monitoring of PCBs measurement for each gas sample. 
Results and Discussion
Evaluation of PCBs measurement sensitivity Figure 5 shows the time-of-flight mass spectra obtained by measuring PCBs introduced from the PCBs standard sample gas, applying the LI-IT-TOFMS method. KC-300 and KC-500 (Kaneka Corporation) was used as the PCBs standard sample. As the main components KC-300 contains 2, 3, and 4 chlorinated biphenyls and KC-500 contains 4, 5, and 6 chlorinated biphenyls. The horizontal axis in Fig. 5 the vertical axis shows signal intensity. The measuring time was 1 min, and the concentrations of these PCBs were determined by conventional analysis (gas sampling ＋ GC-MS). As indicated in the figure, utilization of the LI-IT-TOFMS method was successful in measuring the mass spectra attributed to 2 -6 chlorinated biphenyls. We also confirmed that the signal intensities of the 2 -6 chlorinated biphenyls were quite adequate for the analysis. The theoretical detection limits at 1 min calculated for S/N = 3 were 0.001 µg/m 3 N for 2-chlorinated biphenyls, 0.005 µg/m 3 N for 3-chlorinated biphenyls, 0.034 µg/m 3 N for 4-chlorinated biphenyls, 0.132 µg/m 3 N for 5-chlorinated biphenyls, and 0.257 µg/m 3 N for 6-chlorinated biphenyls. The above results demonstrated that it is possible to achieve PCBs measurement sensitivity (10 µg/m 3 N ) for 1 min using LI-IT-TOFMS method. LI-IT-TOFMS ［mg/m3N］ Figure 6 shows a comparison between measurement data obtained by the LI-IT-TOFMS and that obtained by conventional analysis (gas sampling and GC-MS). The vertical axis represents the results of the conventional GC-MS analysis, and the horizontal axis shows the results of the LI-IT-TOFMS measurements. The gaseous PCBs concentrations ranged from 100 -3000 µg/m 3 N . As shown in the figure, the results of measurements by LI-IT-TOFMS were highly correlated with those from the conventional chemical analysis. Correlation showed a standard deviation within 30 % compared with the results of the conventional GC-MS analysis. Fig. 6 . A comparison between measurement data obtained by the PCBs monitoring system and that obtained by conventional analysis (gas sampling and GCMS). The results of measurements by the PCBs monitoring system were highly correlated with those from the conventional chemical analysis. Correlation showed a standard deviation within 30 % compared with the results of the conventional GC-MS.
Application to Exhaust Gas from a PCBs Treatment Facility
In the exhaust gas of hydrothermal decomposition processes and the workplace atmosphere, the main components were N 2 , CO 2 , O 2 , and H 2 O and air. These gases were contaminated by several trace components attributed to insulating oils, cleaning chemicals, and their decomposed materials on the order of mg/m 3 N . The concentrations of these trace components were dependent on the plant operating conditions and varied by several orders of magnitude. Some trace components have masses that are similar to those of PCBs, and this method can separate PCBs from most of these components using resonance enhanced two-photon ionization.
On the other hand, the conventional method requires a time-consuming process for the separation of PCBs from these components. Fig. 7 shows the mass spectra of the exhaust gas from a PCBs treatment plants for high and low PCBs concentrations. The "high" PCBs concentration was 0.2 -0.3 mg/m 3 N , and The "low" PCBs concentration was below 0.01 mg/m 3 N . The horizontal axis in the figure represents mass number, while the vertical axis shows signal intensity. As can be seen from the figure, it was confirmed that the LI-IT-TOFMS method enable us to measure the exhaust gas from the PCBs treatment plants, for both high and low PCBs concentrations. In the high PCBs concentration, contaminants have been detected in the spectrum. But there is no interference with the mass range of 2 -6 chlorinated biphenyls. As noted above, since it was confirmed that PCBs measurement is possible even in exhaust gas containing main gases mixed with various substances, use of the LI-IT-TOFMS method was verified as being practical. Fig. 7 . The mass spectra of the exhaust gas from a PCBs treatment plants.
It was confirmed that the LI-IT-TOFMS method enable us to measure the exhaust gas from the PCBs treatment plants. PCBs concentration was (a) 0.2 -0.3 mg/m 3 N , (b) below 0.01 mg/m 3 N . Fig. 8 shows examples of the exhaust gas and work environment atmosphere measurement results for the PCB disposal plant considered in this study. The exhaust gas from the PCB hydrothermal decomposition process and the atmosphere of the work environment in the PCB container treatment process were analyzed using the PCBs monitoring system with measurement results shown in the figure. The horizontal axis indicates time, while the vertical axis represents the PCBs concentration measured by LI-IT-TOFMS method. It was thus confirmed that the concentration of PCBs in environmental gas, which is substantially lower than the 0.10 mg/m 3 N specified by statutory regulations, can be measured within one minute. Accordingly, it was verified that the LI-IT-TOFMS method is highly useful for monitoring whether PCBs disposal processes are performed safely and well. That is, the PCBs monitoring system is a very useful method for ensuring safety in PCBs disposal processes.
Conclusion
The applicability of LI-IT-TOFMS (laser ionization / Ion trap storage / time of flight mass spectrometry) to the real-time measurement of PCBs was evaluated, and the results are summarized as follows: Fig. 8 . Examples of the exhaust gas and work environment atmosphere measurement results for the PCB disposal plant considered in this study. It was thus confirmed that the concentration of PCBs in environmental gas, which is substantially lower than the 0.10 mg/m 3 N specified by statutory regulations, can be measured within one minute.
(1) The LI-IT-TOFMS method was applied as a real time PCBs gas monitoring system, and PCBs measurement sensitivity of 0.01 mg/m 3 N was achieved. (2) The LI-IT-TOFMS method was capable of measuring PCBs concentration without being influenced by main gas components and coexistent various substances, even under conditions characterized by exhaust gas and the work environment atmosphere. (3) It was thus confirmed that the concentration of PCBs in environmental gas, which is substantially lower than the 0.10 mg/m 3 N specified by statutory regulations, can be measured within one minute/sample. Accordingly, this PCBs gas monitoring system can play an important role in ensuring safety in PCBs disposal procedures. In the future we will pursue practical application in the form of a safety management -monitoring device for persistent organic pollutants (POPs). 
